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ABSTRACT 


The  cohesion  of  the  FCC  metals  Ag,  Al,  Cu,  and  Ni  under  ultrahigh 
-11  -9 

vacuum  in  the  range  of  10  to  10  torr  was  investigated  using  the  technique 
of  cold  welding  specimens  previously  fractured  in  the  vacuum.  The  cohesion 
strength  of  the  weld  increased  with  compression  load  for  all  metals;  all 
data  fell  on  one  curve  of  slight  positive  curvature  when  the  cohesion  load 
(stress)  and  the  compression  load  (stress)  were  divided  by  the  initial 
fracture  load  (stress)  of  the  virgin  specimen.  The  effect  of  compression 
load  on  the  cohesion  coefficient  a  for  all  metals  could  be  described  by 

ct  =  0.75  +  0.15  L  /L 

L  r 

O 

where  is  the  compression  load  and  L_  is  the  initial  fracture  load.  Ultra- 
L  r 

O 

sonic  measurements  on  Cu  indicated  that  the  contact  area  was  proportional  to 

the  ratio  L^/L  .  Optical  microscopy  observations  on  the  weld  interface  were 
C  r 

O 

in  accord  with  this;  they  also  indicated  the  excellent  matching  of  the  two 
fractured  surfaces  possible  with  the  present  apparatus.  The  cohesion  results 
are  explained  on  the  basis  that  the  rupture  of  the  weld  occurs  at  a  constant 
value  of  the  "true"  fracture  stress. 

Limited  studies  were  conducted  with  Cu  to  determine  the  effects  of: 

(1)  a  subsequent  heat  treatment  on  the  weld  strength,  (2)  alloying  with  30% 

Zn  and  (3)  exposure  of  the  freshly  fractured  surfaces  to  the  gases  N^,  0^,  CO, 

C02  and  air.  The  heat  treatments  reduced  the  strength  of  the  weld;  the  70-30 

brass  alloy  exhibited  a  lower  cohesion  coefficient  than  unalloyed  Cu;  prolonged 
exposure  to  the  gases  02,  CO,  C02  and  air  caused  an  appreciable  reduction  in 

the  cohesion  coefficient,  whereas  no  effect, was  observed  for  N2>  The  adverse 

effects  noted  for  the  first  two  variables  are  not  clearly  understood  at  this 
time.  The  results  for  the  exposure  to  the  gases  are  in  good  agreement  with 
predictions  based  on  absorption  theory  and  LEED  observations  reported  in  the 
literature. 
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1.  INTRODUCTION 


From  a  technological  viewpoint,  an  understanding  of  the  cohesion 
(or  adhesion*)  of  metals  is  important  to  such  areas  as  friction  and  wear, 

and  bonding,  joining  and  cladding.  In  addition,  the  subject  of  the  co- 

—8 

hesion  of  metals  in  ultrahigh  vacuum  (defined  here  as  a  pressure  <10 
torr  (1))  has  become  especially  important  in  recent  years  because  it 
relates  to  the  behavior  of  components  and  systems  in  a  space  environment 
and  to  the  possibility  of  joining  materials  in  space  by  cold  welding  (2). 
Besides  having  a  direct  bearing  on  technology,  studies  of  the  cohesion  of 
metals  can  also  provide  information  concerning  the  nature  and  behavior 
of  surfaces,  which  is  of  value  to  understanding  such  phenomena  as  catalysis, 
oxidation  and  corrosion.  This  relationwhip  between  studies  of  cohesion 
(and  adhesion)  to  other  surface  phenomena  and  technology  is  illustrated  in 
Fig.  1. 

The  objective  of  the  present  research  program  was  to  develop  a  • 
better  understanding  of  the  cohesion  of  metals  through  a  study  of  cold 
welding  under  ultrahigh  vacuum  and  to  establish  the  influence  of  certain 
gaseous  environments  on  this  cohesion.  The  studies  have  concentrated  on 
metals  and  an  alloy  with  the  FCC  crystal  structure,  namely  Ag,  Al,  Cu,  Ni, 
and  Cu70Zn30  brass.  As  seen  from  Table  I,  these  materials  represent  a 
range  in  such  properties  as  electronic  structure,  elastic  modulus,  stacking 
fault  energy  and  surface  energy,  which  could  be  important  in  cohesion. 
Moreover,  the  materials  were  tested  in  conditions  and  with  microstructures 
representing  a  range  of  mechanical  properties  (Table  II) ,  since  this  variable 
has  been  claimed  to  be  of  importance  in  cohesion.  Finally,  for  all  of  these 
materials,  room  temperature  is  below  the  temperature  where  self  diffusion 
is  expected  to  play  a  significant  role. 

The. effects  of  gaseous  environment  and  alloying  were  only  in¬ 
vestigated  for  Cu.  The  gases  considered  were  N2,  0 2,  CO,  C02  and  air, 
and  the  alloy  was  cartridge  brass  (Cu70Zn30) .  The  gases  represent  a  range 
of  adsorption  energies  and  type  of  adsorption  with  respect  to  Cu,  Table  III. 


*  The  term  cohesion  will  be  used  to  refer  to  the  bonding  of  a  metal  or  alloy 
to  itself,  while  adhesion  will  refer  to  the  bonding  of  dissimilar  metals  or 
alloys . 


-  1  - 


TABLE  I.  SOME  PHYSICAL  PROPERTIES  OF  THE  FCC  METALS  WHICH  WERE  INVESTIGATED 
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Table  III.  Adsorption  of  Gases  on  Copper 


Gas 

Heat  of  Adsorption 
Kcal/mole 

Chemi adsorbed 

Ref. 

Nitorgen 

1.34-5.0 

No 

1 

Carbon  Dioxide 

? 

(Yes)? 

1 

Carbon  Monoxide 

9.3-20.0 

(Yes)? 

1,2,3 

Oxygen 

110 

Yes 

References : 

(1)  D.  O.  Hayward  and  B.  M.  W.  Trapnell,  Chemisorption 3  Butterworths , 
London  (1964) . 

(2)  R.  A.  Beebe  and  E.  L.  Wilder,  J.  Am.  Chem.  Soc.  56  642  (1934). 

(3)  A.  W.  Smith  and  J.  M.  Quets ,  J.  Catalysis  4  163  (1965). 

(4)  R.  M.  Dell,  F.  S.  Stone  and  P.  F.  Tiley,  Trans.  Faraday  Soc 

49  195  (1953). 
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The  addition  of  Zn  to  Cu  lowers  the  stacking  fault  energy  and  the  Cu70Zn30 
alloy  represents  a  solid  solution  with  short  range  order. 

Since  in  cohesion  studies  it  is  desirable  to  obtain  surfaces  which 
are  free  of  contaminating  gases  or  films,  it  was  decided  to  investigate 
the  cohesion  of  specimens  which  has  been  previously  fractured  in  a  vacuum, 
similar  to  the  experiments  of  Ham  (3) .  In  this  way,  clean  surfaces  can  be 
produced  with  relative  ease  and  the  results  obtained  with  such  surfaces 
provide  a  reference  for  comparison  with  those  from  surfaces  previously 
contaminated  and  subsequently  cleaned  by  various  means. 


2.  EXPERIMENTAL  PROCEDURE 


To  localize  the  fracture  and  to  reduce  the  amount  of  necking,  a 
notched  speciment  of  the  form  shown  in  Fig.  2  was  used.  This  specimen 
has  a  notch  geometry  and  notch  sharpness  (p/r  ■  5.0)  similar  to  those 
used  by  Ham  (3)  and  represents  the  optimum  for  obtaining  a  relatively 
flat  fracture  with  the  load  at  fracture  being  least  sensitive  to  small 
changes  in  notch  geometry  (4).  Specimens  of  the  form  shown  in  Fig.  2 
were  machined  from  as-received  rods,  electropolished  in  standard  solutions, 
and  either  tested  directly,  or  annealed  in  a  static  vacuum  of  10  torr 
to  produce  the  desired  grain  size,  electropolished  again  and  tested. 

The  cold  welding  tests  were  conducted  in  the  ultrahigh  vacuum 
testing  apparatus  shown  schematically  in  Fig.  3.  This  system  is  capable 
of  producing  a  vacuum  of  2  x  10  ^  torr  and  applying  a  maximum  load  in 

tension  or  compression  of  1000  lbs.  with  a  load  sensitivity  of  0.01  lb. 

-4 

and  an  elongation  sensitivity  of  2  x  10  in.  To  apply  both  tensile  and 
compressive  loads  to  the  specimen  and  to  ensure  good  mating  of  the  two 
fracture  surfaces  during  the  joining  stage,  the  gripping  and  alignment 
fixture  shown  in  Fig.  4  was  employed. 

Previous  to  conducting  the  cohesion  studies,  the  mechanical 
testing  machine  was  calibrated  using  a  hardened  steel  rod.  This  established 
the  elastic  behavior  of  the  machine  (which  was  relatively  soft)  and  provided 
corrections  which  could  be  applied  to  the  test  data  to  separate  machine 
effects  from  the  behavior  of  the  specimen.  The  bellows  were  arranged  so 
that  no  corrections  were  needed  to  account  for  their  contraction  or 
expansion.  Specimen  elongations  were  all  measured  from  the  cross-head 
motion  of  the  testing  machine. 

The  materials  employed,  their  metallurgical  condition,  hardness 
and  mechanical  properties  for  the  notched  specimen  are  listed  in  Table  II. 

In  the  case  of  Cu,  a  rather  wide  range  of  structures,  grain  sizes  and 
mechanical  properties  were  included.  The  mechanical  properties  were  for 


\ 
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Fig.  3.  Schematic  of  the  Ultrahigh  Vacuum  Test  Equipment 
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Fig.  4.  Schematic  of  Specimen  Grips  and  Alignment  Fixture 


the  most  part  reproducible  to  within  10%,  there  was  essentially  no  dif¬ 
ference  between  the  properties  in  Nj  at  atmospheric  pressure  and  in 
ultrahigh  vacuum.  The  tensile  strength  is  roughly  proportional  to  the 
hardness  (Fig.  5);  however,  no  such  direct  correlation  exists  between 
yield  strength  and  hardness  or  fracture  strength  and  hardness.  In  the 
case  of  Cu,  where  this  was  checked,  the  average  strength  values  in  air  at 
atmospheric  pressure  were  about  10%  higher  than  those  listed  in  Table  II 
for  the  and  ultrahigh  vacuum  environments.  This  feature  is  covered 
in  more  detail  later  in  the  report. 

A  standard  cohesion  test  consisted  of  pulling  a  specimen  to 
fracture  at  a  constant  crosshead  velocity  of  0.01  in.  per  min.  under  an 
ultrahigh  vacuum*  (after  initially  flushing  the  system  with  purified  dry 
dry  nitrogen  and  then  baking  out  at  150°C),  exposing  the  fracture  surfaces 
to  the  vacuum  environment  for  a  predetermined  time,  pushing  the  two 
fractured  halves  together  at  the  same  crosshead  speed  and  to  a  fixed 
load,  holding  the  specimen  at  this  load  for  a  fixed  time'f,  and  finally 
pulling  the  cold  welded  specimen  apart  again  (at  the  same  crosshead 
speed)  to  ascertain  the  fracture  load  of  the  cold  welded  specimen,  i.e., 
the  degree  of  cohesion.  The  load  and  crosshead  displacement  associated 
with  the  entire  test  were  automatically  recorded  using  a  Mosely  x-y  recorder. 
All  tests  were  conducted  at  room  temperature.  The  specimens  were  only 
welded  and  fractured  once;  i.e.  no  multiple  weld-fracture  tests  were 
Investigated. 

In  some  cases  the  change  in  specimen  diameter  was  measured 
during  the  cold  welding  and  subsequent  tensile  testing  cycle,  concurrent 
with  crosshead  displacement  determinations.  These  diameter  measurements 
were  made  by  sighting  with  a  cathatometer  through  the  porthole  in  the 
vacuum  system  onto  the  reduced  section  of  the  notched  specimen.  These 

~  -  "  ~  11  Q 

*The  vacuums  investigated  were  in  the  range  2  x  10  to  2  x  10  7  torr; 
however,  most  tests  were  conducted  in  the  range  of  2  x  10”^  to  10  x  10“H 
torr. 

^The  purified  nitrogen  contained  0.001  wt.  %  O2  and  0.0012  wt%  H2O, 
maximum . 

tThe  time  of  contact  was  varied  from  5  to  900  seconds;  however  most 
tests  were  conducted  with  a  contact  time  of  300  seconds. 


12  - 


-  13  - 


Tensile  Strength  Versus  Hardness  for  the  FCC  Metals  Considered 


_  3 

cathatometer  readings  were  accurate  to  1  x  10  in.  An  interesting 
feature  of  these  tests  was  that  the  pressure  in  the  chamber  increased 
to  about  twice  its  value  each  time  the  light  was  turned  on  to  make  a 
diameter  measurement.  Upon  switching  off  the  light,  the  pressure 
decreased  again  to  its  previous  value. 

To  establish  the  contact  area  nondestructively,  some  of  the 
copper  specimens  were  removed  from  the  vacuum  chamber  following  cold 
welding  and  examined  at  ambient  pressure  with  a  Sperry  UM  715  reflec- 
troscope,  using  the  "through  transmission  technique"  with  one  search 
unit  being  applied  to  each  end  of  the  test  specimen.  In  this  technique 
the  transmitting  search  unit  projects  an  ultrasonic  beam  into  the  specimen 
which  travels  through  the  material  to  the  opposite  surface  where  it  is 
picked  up  by  the  receiving  search  unit.  Any  discontinuities  in  the  path 
of  the  beam  will  cause  a  reduction  in  the  energy  (wave  amplitude)  passing 
through  the  specimen  to  the  receiving  search  unit.  Contact  between 
the  search  crystals  and  the  specimen  ends  was  established  using  a  thin 
film  of  glycerine.  Some  of  the  specimens  were  mounted  in  a  metallographic 
cold  mount  prior  to  testing  to  prevent  any  damage  to  the  weld,  others 
were  tested  without  such  mounting.  There  was  good  agreement  between  the 
two  procedures. 

The  procedure  generally  employed  for  studying  the  effect  of 

exposure  of  the  fractured  surfaces  to  various  gases  (N„,  0„,  CO,  C0„  and 

^  -11  Z 

air)  consisted  of  first  obtaining  a  vacuum  of  about  2  x  10  torr  using 
the  usual  procedure  and  then  backfilling  the  chamber  with  the  desired 
gas  to  a  predetermined  pressure.  This  pressure  was  then  maintained 
relatively  constant  during  the  exposure  by  manually  controlling  the 
addition  of  the  gas  through  a  needle  valve  keeping  the  vac-ion  pump 
operating.  The  exposure  times  during  such  tests  were  generally  kept 

constant  between  300  and  600  seconds,  requiring  pressures  between  10  ^ 

-4  -8  -2 

to  10  torr  to  yield  the  exposures  from  10  to  10  torr-seconds  which 

were  investigated.  An  exposure  of  10  ^  torr-second  for  CO  was  obtained 

with  a  time  of  2400  seconds  at  5  x  10  ^  torr.  Exposures  of  10^  torr  - 

second  for  N2  and  air  were  obtained  by  maintaining  the  gas  in  the  chamber 
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at  atmospheric  pressure,  A  variation  of  the  above  procedure  consisted 
of  shutting  off  the  pump  and  the  gas  inlet  valve  once  the  desired  pressure 
had  been  reached,  giving  a  static  system.  The  cohesion  results  for  this 
latter  procedure  were  the  same  as  those  for  the  more  usual  procedure 
described  above.  The  ^ ,  CO  and  C0£  gases  employed  in  these  studies 
were  of  reagent  grade. 

A  limited  microscopic  study  was  made  of  the  nature  and  structure 
of  the  weld  interface.  For  this  study,  Cu  specimens  were  cold  welded 
under  the  ultrahigh  vacuum  and  then  removed  from  the  chamber,  after  which 
they  were  sectioned  and  prepared  for  metallographic  examination  using 
standard  procedures. 
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3.  EXPERIMENTAL  RESULTS 


3.1  Load  Versus  Deformation  Behavior 


Examples  of  the  load  versus  crosshead  travel  curves  which  were 
observed  for  the  test  under  ultrahigh  vacuum  are  given  in  Figs.  6  to  9. 

Fig.  6  is  typical  ct  specimens  which  were  in  a  cold  worked  state  prior 
to  testing,  while  Figs.  7  and  8  are  representative  of  the  annealed  unalloyed 
specimens.  The  relatively  flat  region  of  the  curves  near  zero  load  is 


due  to  machine  effects.  The  significance  of  the  loads  L„  (load  at 

Fo 


fracture  of  the  virgin  specimen)  L^,  (maximum  compressive  load  during  cold 


welding)  and  L_  (load  at  fracture  of  the  weld)  is  indicated.  Fig.  9 


illustrates  the  behavior  of  the  70-30  brass  alloy.  There  were  two  major 
differences  between  the  behavior  of  the  brass  as  compared  to  the  unalloyed 
metals:  (a)  serrations  indicative  of  a  Portevin-LeChatelier  effect  occurred 
during  the  initial  loading  to  fracture  and  (b)  at  fracture  the  pressure 
in  the  vacuum  chamber  increased  an  order  of  magnitude,  indicating  the 
release  of  Zn  vapor  or  some  gas.  The  larger  exposure  to  the  environment 
listed  in  Fig.  9  as  compared  to  Figs.  6-8  reflects  this  higher  pressure. 


An  example  of  the  load-deformation  behavior  during  a  cold  welding 

and  subsequent  tensile  testing  cycle  is  depicted  in  Fig.  10,  which  is  a 

combined  plot  of  the  cross-head  displacement  corrected  for  machine  effects 

A  l  ,  and  the  change  in  specimen  cross  sectional  area  AA,  versus  the  load 
s 

ratio  L/L.,  ,  where  L  is  the  applied  load  and  L_  is  the  initial  fracture 
*o  *o 

load.  To  be  noted  is  that  only  little  change  in  cross  sectional  area  and 

displacement  occurs  for  compressive  loads  less  than  about  one-half  of  the 

initial  fracture  load  (i.e.  for  L„/L„  <0.5).  As  the  compressive  load 

is  increased  above  Lp/W,  >0.5,  there  results  a  significant  increase  in 
•  ^  *o 

both  cross  sectional  area  and  crosshead  displacement.  This  rapid  increase 

continues  to  the  end  of  the  compressive  loading,  which  generally  was  taken 

to  Lp/L_  i  1.10.  During  the  subsequent  unloading,  both  the  area  and 
c  *o 

the  displacement  decrease  in  an  approximately  linear  fashion  with  decrease 
in  load,  passing  through  zero  load  with  an  area  and  displacement  somewhat 


540 
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T0U6H  PITCH  Cu-10/iG.S. 
EXPOSURE  :  1-3  x  I0"8  TORR-SEC 


Fig.  7.  Load-Crosshead  Travel  Curves  for  Initial  Fracture,  Cold 
Welding  and  Subsequent  Fracture  for  Tough  Pitch  Cu  -  10y 
G.S. 
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EXPOSURE :  \0'H 


0.016  0.032  0.048  0.064  0.060 

CROSSHEAD  TRAVEL  (IN) 

Load-Crosshead  Travel  Curves  for  Initial  Fracture.,  Cold  Welding 
and  Subsequent  Fracture  for  Annealed  1100  Aluminum  of  50y  Grain 
Size. 


(LBS) 


CROSSHEAD  TRAVEL  (IN) 


Fig.  9.  Load-Crosshead  Travel  Curves  for  Initial  Fracture,  Cold 
Welding  and  Subsequent  Fracture  of  the  Weld  for  Annealed 
70-30  Brass  of  75y  Grain  Size. 
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greater  than  the  initial  condition.  The  linear  region  continues  to  a  tensile 

load  of  about  0.5  L_,  .  Upon  further  increase  in  tensile  load,  there  occurs 

*o 

a  more  rapid  decrease  in  area  and  increase  in  displacement,  both  of  which 
are  approaching  the  original  dimension  or  position,  but  do  not  quite  attain 
them. 

The  change  in  cross  sectional  area  AA  versus  the  corrected  cross¬ 
head  displacement  M  is  depicted  in  Fig.  11.  A  log-log  plot  of  these 

s  o 

data  indicates  that  AA  is  roughly  proportional  to  (A£  )  i.e.  ‘ 

s 

AA  i  4.6  x  10'1  (AS,  )2 

s 

Considering  AAc  to  represent  the  plastic  flow  which  occurs  during  the  com¬ 
pression,  it  is  seen  from  Fig.  12  that  this  plastic  flow  can  be  considered 

2 

to  be  proportional  to  (L./L,,  )  in  accord  with  the  stress-strain  behavior 

^  *o 

of  many  metals  (5-7) . 

The  "average"  true  stress  taken  as  L/Ac  during  a  cohesion  test 

(where  A c  was  measured  by  the  cathetometer)  versus  the  ratio  L/Lf  is 

plotted  in  Fig.  13  for  four  tough  pitch  copper  specimens.  Spec.  66  was 

only  compressed  to  L-/L-  *0.25  and  Spec.  65  to  L  /L„  *  0.5  prior  to 

tensile  testing,  whereas  the  other  two  specimens  were  compressed  to  h-fL-,  - 

r0 

1.0.  To  be  noted  is  that  all  data  points  lie  on  a  single  -curve  in  the 

tensile  as  well  as  the  compressive  regions ,  even  though  the  fracture  stress 

of  the  weld  increases  with  the  ratio  L  /L„  .  Also  of  significance  is  that 

C  FQ 

an  extrapolation  of  the  tensile  portion  of  the  curve  to  L^/L.,  *  1.0 

1  Fo 

gives  a  cohesion  stress  which  is  in  reasonable  accord  with  the  initial 

fracture  strength  of  the  material.  Finally,  it  should  be  noted  that  for 

loads  greater  than  h/L^,  m  q^«j  "average"  true  stress  for  compression 

o 

a  is  lower  than  that  in  tension  5  .  This  is  due  to  the  fact  that  during  • 

c  * 

compression  there  occurs  an  increase  in  the  area,  whereas  the  opposite 

occurs  during  tension.  At  L/L  -1.0  the  compression  stress  aQ  is  about  ! 

i  o  m 

0.90  oT  .  • 

m 

3.2  Cohesion  Results 

One  way  of  comparing  the  cohesion  data  on  the  various  materials 
which  only  involves  measurements  of  loads  and  therefore  does  not  include 
any  errors  which  may  be  associated  with  area  determinations  is  to  plot  the 
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11.  aA  Versus  A£«.  for  a  Cohesion  Test  on  Annealed  Tough  Pitch  Copper 


Plastic  Flow  During  Compressive  Loading  Versus  the 
Compression  Ratio  Lr/Lj; 

u  f"o 


Oovt> 


80 


TOUGH  PITCH  Cu  -10 p  G.S. 

SPECIMEN  65 
SPECIMEN  66 
SPECIMEN  67 
SPECIMEN  68 
VACUUM:  I0‘"  to  IO"*torr 
EXPOSURE:  10*  torr-sec 
CONTACT :  5min 
TEMPERATURE:  R.T  I 


A 


PULLING 

TO 

FRACTURE 


cohesion  ratio  Rp(“  LF]/LF  ^  versus  the  compression  ratio  Rq(“  Lc/I.f  )  • 

A  plot  of  Rj,  versus  for  the  tough  pitch  copper  specimens  is  presented 
in  Fig.  14;  a  similar  plot  for  all  the  coppers  tested  is  given  in  Fig.  15 
and  for  all  materials  in  Fig.  16.  Evident  from  these  figures  is  that  for 
the  alloyed  FCC  metals  the  cohesion  ratio  increases  with  the  compression 
ratio,  relatively  independent  of  the  purity  and  struture*  of  a  given 
metal,  and  the  data  for  all  metals  lie  on  one  curve.  Also,  the'  curves  are 
not  exactly  linear,  but  exhibit  a  slight  positive  curvature,  especially 
near  the  origin.  The  R^  vs  Rc  curve  for  the  cartridge  brass  falls  below 
that  for  the  unalloyed  metals;  moreover  it  is  more  nearly  linear  (or  may 
even  have  a  slight  negative  curvature) . 

The  positive  curvature  in  the  R^,  versus  R^  curves  for  the  un¬ 
alloyed  metals  is  further  revealed  in  Figs.  17  and  18  where  the  cohesion 
coefficient  a(=  L  /L„)  is  plotted  versus  the  compression  ration  R_.  With- 

r-i  L  Li 

in  the  experimental  scatter,  a  for  the  unalloyed  FCC  metals  can  be  considered 
to  increase  linearly  with  Rc  yielding. 

a  -  o :  75  +  0.15  R_  (D 


Equally  good  straight  lines  ^ere  obtained  for  semi-log  and  log-log  plots 

of  a  versus  LC/LF  .  The  semilog  plot  yielded  a  =  0.75  (0.10  L^/L^  )  while 

the  log-log  plot  gave  a  =  0.95  (Lr/Lv  The  cohu^ion  coeffic?ent  for 

L  r  0 

the  Cu70Zn30  brass  is  less  than  that  for  the  unalloyed  matals  and  is  either 
independent  of  the  compression  ratio  or  decreases  with  increase  in  Rr. 

v 

There  are  insufficient  data  tc  be  certain  which  is  actually  the  case. 

An  alternate  method  of  comparing  the  cohesior  results  is  given  in 

Figs.  19-21,  where  the  ^average"  cohesion  stress  oL  (=  L_  /A„  )  is  plotted 

_  '  *1  *1*1 

versus  the  "average"  compression  stress  oc  (=■  L^/ Ap  ).  Aj,  is  the  area 
after  fracture  of  the  cold  welded  specimen.  Again,  there  occurs  a  slight 
positive  curvature  for  small  compressive  stresses  in  the  curve  for  the 


*There  is  a  tendency  for  the  cold  worked  specimens  and  annealed  specimens 
with  grain  size  greater  than  100p  to  exhibit  lower  cohesion  ratios. 
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□  Cu  70  Zn  30 


PRESSURE:  10'"-  IO‘*torr 
EXPOSURE:  IO*torr-sec 
INITIAL  GAS:N2 
CONTACT:  300  sec 
TEMPERATURE:  R.T. 


AVG.  CURVE 
FOR  Cu.  — =» 


Cu70Zn30 


COMPRESSION  RATIO  (LC/LF  ) 


Cohesion  Ratio  Versus  Compression  Ratio  For  Various  FCC 
Metals  and  70-30  Brass 


TOUGH  PITCH  Cu  OFHC  Cu 

•  AS-RECEIVED  C.W.  ■  AS-RECEIVED  C.W. 

O  ANNEALED-KV  G.&  □  ANNEALED- 6/tG.S. 

®  ANNEALED-5Cjft  GS.  H  ANNEALED-  100ft.  G 


COMPRESSION  RATIO  (Lc  /L, 


Cu70Zn30 


COMPRESSION  RATIO,  l-e/l-B, 

Effect  of  Compression  Ratio  on  the  Cohesion  Coefficient  for  a 
Number  of  FCC  Metals  and  70-30  Brass 


I 

I 

I 

I 
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COHESION  STRESS  (ksi) 


TOUGH  PITCH  Cu 
•  As-RECEIVED  C.W. 

O  ANNEALED  IO/i  GS. 

®  ANNEALED  50;i  G.S. 

OFHC  Cu 

■  As -RECEIVED  C.W. 

□  ANNEALED  6/iG.S. 

a  ANNEALED  100/iGS 

99999+  Cu 
A  SWAGED  75% 

A  ANNEALED  450/xG.S. 


PRESSURE:  IO""-ICr*torr 
EXPOSURE:  IO'*-IOr*torr-sec 
CONTACT  :  5-900sec 
INITIAL  GAS:  N2 
TEMPERATURE:  R.T 


33  - 


Fig.  21.  Cohesion  Stress  Versus  Compression  Stress  for  Several  FCC  Metals 
and  70-30  Brass 


unalloyed  metals,  whereas  the  curve  for  the  brass  is  either  linear 
or  exhibits  a  negative  curvature. 


Since  the  stresses  in  Figs.  19-21  are  based  on  the  final  fracture 

area  of  the  weld,  the  cohesion  coefficient  a  given  by  F  is  the  same 

C 

as  that  defined  above  by  L  /L_.  Considering  the  variation  of  ct  with 

*1  L 

stress,  it  is  found  that  a  increases  with  the  compressive  stress,  o^, 
from  0.75  at  or_  Sk  0,  to  0.90  at  o  i  80,000  psi  and  then  remains  essentially 
constant  at  this  value  up  to  the  maximum  stress  investigated  of  200,000 
psi.  Similar  results  are  obtained  if  the  area  for  the  stress  determination 
is  taken  as  the  initial  fracture  area  of  the  virgin  specimen  Ap  ,  rather 
than  the  final  fracture  area  of  the  weld  Ap  . 

Since  the  diameter  of  the  specimen  increases  during  the  compression 

cycle,  the  "true"  stresses  based  on  the  instantaneous  area  during  the 

compression  cycle  will  be  lower  than  the  stress  based  on  either  Ap  or  Ap^. 

Consequently,  the  value  of  the  "true"  cohesion  coefficient  a  (=cT_  /a~r  )  will 

t  L.£ 

be  larger  than  that  derived  only  on  loads  or  on  stresses  based  on  A^  or 

*o 

A„  .  This  is  illustrated  in  Fig.  22  which  gives  for  the  unalloyed  metals. 

F1 


ct.  =  0.75  +  0.25  Rr  (2) 

Of  significance  is  that  the  value  of  a  is  approximately  1.0  for  L_/L„  =  1.0. 

t  Lt  Tq 

The  difference  between  a  and  for  the  Cu70Zn30  is  not  as  large  as  for  the 
unalloyed  metals.  Again,  a  may  be  considered  to  be  independent  of  R  or 
decrease  with  increase  in  Rr  for  the  70-30  Brass. 

A  very  limited  study  was  made  of  the  effect  of  time  of  contact 
(5  to  900  seconds)  during  the  joining  of  annealed  tough  pitch  copper 
specimens  at  L  /L_  =  0.5.  The  cohesion  coefficient  tended  to  increase 

with  the  time  of  contact.  A  log-log  plot  of  the  cohesion  coefficient 
versus  time  in  seconds  yielded 


a  =  At 


m 


with  A  =  0.63  and  m  =  0.03. 


(3) 
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Cohesion  Coefficient  Determined  by  Three  Methods  Versus  the 
Compression  Ratio 


3.3  Effect  of  Environment 


The  effect  of  exposing  the  fractured  surfaces  of  copper 

specimens  to  the  standard  vacuum  environment  (where  the  initial  gas  was 

high  purity  nitrogen)  is  depicted  in  Fig.  23.  Here  aQ  derived  through 

Eq.  1  is  plotted  versus  the  exposure  given  by  the  product  of  the  pressure 

and  the  time  of  exposure  of  the  fractured  surfaces  to  the  environment. 

To  provide  a  frame  of  reference,  for  a  sticking  coefficient  of  1.0,  a 

monolayer  of  gas  would  form  after  an  exposure  of  about  2  x  10  ^  torr- 

seconds.  The  pressure  and  time  ranges  covered  to  yield  the  exposure 
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range  in  Fig.  23  were  2  x  10  to  2  x  10  torr  and  37  seconds  to 
6  x  10^  seconds.  Evident  from  this  figure  is  that  the  cohesion  coeffi¬ 
cient  for  copper  is  independent  of  the  exposure  to  the  vacuum  environment. 

The  effect  on  the  cohesion  coefficient  a  of  exposing  the  freshly 
fractured  surfaces  of  copper  to  various  gases  (N^,  0^ >  CO,  and  air) 
is  presented  in  Fig.  24.  For  these  tests,  Lr/L  was  1.0  and  the  joining 
contact  time  was  300  seconds.  To  be  noted  in  Fig.  24  is  that  exposure 
to  N2  produces  no  effect  for  exposures  up  to  4.5  x  10^  torr-second  at  a 

pressure  of  760  torr.  For  0, ,  a  begins  to  decrease  after  an  exposure  of 

-5  z  -3 

about  10  torr-second  and  reaches  a  low  value  of  0.08  after  about  10 

torr-second.  The  value  of  a  for  exposure  to  air  at  atmospheric  pressure 

is  0.06,  in  good  agreement  with  the  low  value  for  0„.  For  CO  and  CCL ,  a 

1  _4  2 

decrease  in  a  first  occurs  after  an  exposure  of  about  10  torr-second 

_o 

and  a  minimum  of  a  =  0.32  is  reached  at  about  10  torr-second.  The 
decrease  in  a  from  its  initial  value  to  its  minimum  occurs  over  an 
exposure  range  of  about  two  orders  of  magnitude  for  the  three  gases  C>2 , 

CO  and  CC^. 

The  studies  on  the  effect  of  exposure  to  gaseous  environments 
on  cohesion  also  provided  data  on  the  effect  of  the  environment  on  the 
mechanical  properties  of  the  virgin  specimen,  for  the  cohesion  specimen 
was  initially  pulled  to  fracture  under  the  environment.  The  effects  of 
the  various  gases  on  the  yield  stress,  tensile  strength  and  fracture  stress 
of  a  specific  batch  of  annealed  tough  pitch  copper  are  presented  in  Fig.  25. 
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TOUGH  PITCH  Cu  OFHC  Cu  HIGH  PURITY  Cu 

•  AS- RECEIVED  C.W.  ■  AS-RECEIVED  C.W.  A  SWAGED  75% 

o  ANNEALED -9/1  G.S.  □  ANNEALED  -6/1  G.S.  A  ANNEALED  -  450/1  G.S. 

®  ANNEALED  -  50/1  G.S.  H  ANNEALED- 100/1  G.S. 
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To  be  noted  is  that  the  average  value  for  each  of  these  strength  para¬ 
meters  is  about  10%  lower  for  the  (and  for  the  ultrahigh  vacuum)  as 
compared  to  the  other  gases  over  the  entire  pressure  range. 

3.4  Ultrasonic  Measurements 


The  results  of  the  ultrasonic  measurements  are  summarized  in 
Figs.  26  to  29.  In  Fig.  26  it  is  seen  that  the  ratio  of  the  amplitude 
of  ultrasonic  wave  for  a  cold  welded  specimen  A  to  that  for  a  virgin 
specimen  pulled  to  the  maximum  load  (but  not  fractured)  Aq  is  approxi¬ 
mately  proportional  to  the  compression  ratio  L„/ L  .  An  even  better  fit 

L  tQ 

to  a  straight  line  is  obtained  if  the  ultrasonic  amplitude  ratio  is 
plotted  versus  the  "average"  compression  stress;  see  Fig.  27.  Of  signi¬ 
ficance  here  is  that  the  stress  at  which  A/Aq  becomes  equal  to  1.0  is 
within  the  scatter  of  the  values  of  the  fracture  stress  for  this  batch 
of  specimens. 


Fig.  28  is  a  plot  of  the  cohesion  ratio  L„  /L„  versus  the 

*1  *o 

ultrasonic  amplitude  ratio  A/Aq.  The  curve  shows  a  slight  positive 
curvature  similar  to  the  plots  of  cohesion  ratio  versus  compression 
ratio.  Of  significance  in  Fig.  28  is  that  the  curve  extrapolates  through 


L„  /L_  =  1.0  for  A/A  =  1.0. 

F1  Fo  ° 

Plots  of  the  cohesion  stress  and  cohesion  coefficient  versus  the 


ultrasonic  wave  amplitude  ratio  are  given  in  Fig.  29.  The  curves  are  similar 
in  form  to  those  for  cohesion  stress  and  cohesion  coefficient  versus  the 

compression  ratio  L_/L_  . 

L  r  q 

Also  included  in  Fig.  27  are  the  results  for  specimens  exposed 
to  0^  for  a  sufficient  exposure  to  have  reduced  the  cohesion  coefficient 
to  0.5  (Fig.  24).  The  ultrasonic  amplitude  ratio  for  these  specimens 
is  the  same  as  that  for  those  exposed  to  nitrogen,  which  exhibit  a 
cohesion  coefficient  of  about  0.90.  This  suggests  that  the  ultrasonic 
measurements  provide  a  measure  of  the  area  of  contact  independent  of  the 
degree  of  cohesion. 
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TOUGH  PITCH  Cu-IO/a  G.S. 

TEMPERATURE:  R.T. 

PRESSURE:  IOH,-IO-*torr 
CONTACT:  300  sec 
INITIAL  GAS:N2 

ULTRASONIC  FREQUENCY:  10  Mc/fe 


Fig.  26.  Effect  of  Compression  Ratio  on  the  Ratio  of  the  Amplitude  of  the 
Transmitted  Ultrasonic  Wave  for  a  Cold  Welded  Specimen,  x,  to  that 


for  a  Virgin  Specimen  at  Maximum  Load, 
Pitch  Copper 


for  Annealed  Tough 


Fig.  27.  Effect  of  Compression  Stress  on  the  Ratio  of  the  Amplitude  of  the 
Transmitted  Ultrasonic  wave  for  a  Cold  Welded  Specimen,  x,  to  that 
for  a  virgin  Specimen  at  Maximum  Load,  x0,  for  Annealed  Touqh  Pitch 
Copper 
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3.5  Microscopic  Studies 


The  appearance  of  the  fracture  surface  of  an  annealed  tough 
pitch  copper  specimen  with  a  10y  grain  size  is  illustrated  in  Fig.  30. 

The  fracture  has  a  typical  ductile  fibrous  character,  providing  a  rather 
rough  initial  surface  for  the  cold  welding  operation.  Similar  ductile 
fracture  surfaces  were  observed  for  the  other  annealed  materials 
investigated. 

Detailed  microscopic  studies  of  the  structure  of  the  weld  inter¬ 
face  were  only  made  for  the  copper  specimens.  The  photomicrograph  of 
Fig.  31  illustrates  the  appearance  of  the  weld  interface  near  the  center 
of  a  cold  welded  annealed  tough  pitch  copper  specimen  (lOy  grain  size) 
when  viewed  in  the  unetched  condition.  Porosity  is  noted  along  the  weld 
interface  for  a  compression  ratio  =  0.5,  while  there  is  no  indication 
of  voids  for  R^,  =  1.0  at  the  magnification  shown  or  at  higher  magnifications 
(up  to  1000  x) .  Porosity  was  always  found  for  compression  ratios  less 
than  1.0,  the  amount  increasing  with  decrease  in  R  . 

L 

The  appearance  of  the  interface  in  fine-grained  (6y)  OFHC 
specimens  was  similar  to  that  for  the  annealed  tough  pitch  copper  described 
above.  However,  the  coarse  grained  (lOOy)  OFHC  and  coarse-grained  (450y) 
high  purity  specimens  exhibited  some  porosity  even  for  Rc=  1.0;  see,  for 
example,  Fig.  32. 

Examples  of  the  appearance  of  the  weld  interface  after  etching 
for  Rc  =  0.5  and  Rc  =  1.0  are  shown  in  Figs.  33-38.  Again,  porosity  is 
evident  in  the  large  grain  size  material  at  Rr  =  1.0  and  for  all  materials 
at  R  =  0.5.  The  excellent  matching  of  the  two  fracture  surfaces  possible 

v 

with  the  present  apparatus  is  revealed  in  Fig.  36. 

Comparing  Figs.  37  and  38  with  Fig.  36  indicates  that  the  matching 
of  the  fractured  surfaces  did  not  occur  as  well  for  the  more  ductile 
OFHC  copper  specimens  as  for  the  tough  pitch  copper.  That  recrystallization 
may  occur  along  the  weld  interface  during  the  joining  of  cold  worked 
specimens  is  indicated  in  Figs.  39  and  40.  The  recrystallized  zone  is  much 
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Unetched  Cross-Section  of  Cold  Welded  OFHC  Copper  of  100u  Grain 
Size  (a)  Lr/Lr  =  0.5  (b)  Lr/Lr  =  1.0  Orig.  Mag  60x 


Fig.  39.  Mi cros tructure  of  the  Weld  Interface  for  Cold  Worked  Tough 
Pitch  Copper  Indicating  Recrystallization  at  the  Interface; 
Lr/Lr  =  1.0  (a)  As-Polished  (b)  Etched  Orig.  Mag.  120x 


licrostructure  of  the  Weld  Interface  for  Cold  Worked  High 
unty  Copper  Showing  Recrystallization  at  the  Weld  Interface; 
C/Lp  =  1.0  (a)  As-Polished;  (b)  Etched  Orig.  Mag.  120x. 


wider  in  the  high  purity  copper  as  compared  to  the  tough  pitch  copper, 
being  only  faintly  visible  in  the  latter  material. 

3.6  Effect  of  Heat  Treatment 

A  very  limited  study  was  made  on  the  effect  of  a  subsequent  heat 

treatment  (1  hour  at  300°C  and  1  hour  at  600° C  in  a  vacuum  of  10  ^  torr) 

on  the  strength  of  the  weld  for  tough  pitch  copper  with  a  10y  grain  size. 

The  results  are  summarized  in  Table  IV.  The  cohesion  coefficient  a  =  L_  /L„ 

Fj_  C 

was  reduced  by  both  heat  treatments,  the  higher  temperature  producing  the 
greater  effect.  This  was  surprising  for  it  was  hoped  that  the  annealing 
treatment  would  improve  the  cohesive  strength  by  removing  internal 
stresses  and  by  promoting  sintering.  Consequently,  a  metallographic 
examination  was  made  of  the  weld  interface  following  the  heat  treatment. 

The  structures  observed  are  presented  in  Figs.  41  and  42.  In  Fig.  41  it 
is  seen  that  the  annealing  treatment  of  1  hour  at  300°C  only  re crystallized 
the  material  in  the  immediate  vicinity  of  the  interface  without  noticeably 
affecting  the  structure  away  from  the  interface.  The  heat  treatment  of 
1  hour  at  600°C  produced  recrystallization  in  the  entire  notched  region  of 
the  specimen,  leading  to  a  refinement  of  the  grain  size  in  this  region. 

In  this  case  the  original  weld  interface  is  only  faintly  discemable 
through  the  existence  of  a  finer  grain  size  along  its  path.  In  neither 
figure  is  there  any  indication  that  the  annealing  treatment  caused  any 
deterioration  along  the  weld  interface. 
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Table  IV.  Effect  of  Subsequent  Heat  Treatment  on  the  Strength  of 
the  Cold  Weld  in  Tough  Pitch  Copper  with  10u  Grain  Size 


Spec. 

Heat  Treatment 

Compression 

Rati  o 

Cohesion 

Coefficient 

73 

1  hr.  @300  °C 

lc/lf0 

VLc 

70 

1  hr.  @60C°C 

1.0 

0.  72 

71 

1  hr.  @600°C 

1.0 

0.53 
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Microstructure  of  the  Weld  Interface  for  Annealed  To 
Copper  of  10p  Grain  Size  After  a  Heat  Treatment  of  1 
600°C.  Lr/Lr  =  1.0  (a)  120x;  (b)  240x. 


4.  DISCUSSION 


4.1  Cohesion  Under  Ultrahigh  Vacuum 
4.1.1  Unalloyed  FCC  Metals 

The  present  study  has  established  that  reproducible  results  can 
be  obtained  with  the  tethnique  of  using  fractured  specimens  for  studying 
the  cohesion  of  ductile  metals  and  that  the  results  from  such  studies 
can  yield  significant  information.  The  technique  as  employed  here  has, 
however,  two  distinct  limitations:  (1)  the  material  to  be  joined  has  been 
deformed  to  fracture  prior  to  the  initiation  of  the  cohesion  test  and 
(2)  the  surface  profile;  or  geometry  is  invariably  that  corresponding  to 
a  ductile  fracture.  It  is  therefore  important  to  compare  the  cohesion 
results  obtained  in  the  present  investigation  with  those  of  other 
investigators  using  the  same  technique  or  other  techniques.  Available 
data  are  summarized  in  Table  V.  It  is  here  seen  that  there  is  surprisingly 
good  agreement  in  the  value  of  the  cohesion  coefficient  a  obtained  by  the 
various  investigators  using  different  techniques  and  different  surface 
conditions,  with  a  ranging  from  about  0.60  to  1.15.  Thus  it  appears  that 
the  cohesion  coefficient  is  not  sensitively  dependent  on  the  technique 
employed  or  the  surface  geometry.  The  most  critical  factor  appears  to  be 
the  cleanliness  of  the  surface,  as  indicated  in  the  present  investigation 
and  previously  (8),  (9). 

A  most  significant  finding  of  the  present  investigation  is  that 
the  cohesion  results  for  all  of  the  unalloyed  FCC  metals  considered  can 
be  normalized  to  a  single  curve  through  the  original  fracture  load  or 
the  original  fracture  stress  of  the  virgin  specimens.  Considering  the 
ultrasonic  measurements  and  microscopic  observations  along  with  the 
cohesion  results,  one  is  led  to  the  conclusion  that  the  original  fracture 
strength  governs  both  the  area  of  contact  developed  during  the  compression 
loading  and  the  subsequent  cohesive  strength  of  the  bond. 
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Cu60Zn40  1  Ductile  Fracture  As-Fractured  5x10 


CO 


Of  the  various  mechanical  property  phenomena,  the  fracture  of 
ductile  metals  is  among  those  least  understood.  This  in  large  part  due 
to  the  fact  that  the  fracture  strength  is  sensitively  dependent  not  only 
on  the  stress  state  but  also  on  the  structure  (microstructure  and  crys¬ 
talline  defects)  which  is  initially  present  and  which  develops  during  the 
straining  to  the  point  of  fracture.  The  effects  of  such  fundamental 
crystal  properties  as  elastic  modulus,  surface  energy,  stacking  fault 
energy,  etc.  on  the  fracture  strength  are  usually  completely  overshadowed 
by  the  variations  in  structure  which  may  exist.  This  is  evident  if  one 
compares  the  original  fracture  stresses  of  the  various  metals  in  Table  II. 
Therefore,  it  seems  pointless  to  attempt  to  interpret  the  cohesion  of 
such  materials  in  terms  of  fundamental  physical  properties  unless  the 
stress  state  and  the  structure  existing  at  the  time  of  fracture  of  the 
bond  are  clearly  identified  and  their  influence  established.  Consequently, 
the  approach  here  will  be  to  interpret  the  cohesion  results  in  terms  of 
the  fracture  stress  rather  than  in  terms  of  fundamental  physical  properties. 
In  keeping  with  modem  concepts  of  ductile  fracture,  the  fracture  stress 
will  be  considered  to  be  a  point  on  the  flow  stress  versus  strain  curve. 

Initially  let  us  consider  the  effect  of  the  compressive  load  on 

cohesion.  Taking  the  amplitude  of  the  ultrasonic  wave  to  be  proportional 

to  the  area  of  intimate  contact  A  across  the  weld  interface,  the  results 

c 

of  the  ultrasonic  measurements  in  Figs.  26  and  27  indicate  that  is 

directly  proportional  to  the  ratio  of  the  "average"  compression  stress 

o  ;  i.e. 

*o 


where  K  and  K'  are  constants  of  the  order  of  unity.  If  we  now  make  the 
assumption  that  the  fracture  of  the  bond  occurs  at  a  constant  true  fracture 
stress,  given  by  o  ,  then 


-  65  - 


(5) 


and  K  (or  K  )  becomes  the  cohesion  coefficient  a. 

The  results  of  Figs.  16  and  21  show  that  Eq .  5  and  6  are  closely 
approximated  with  K  and  k’  =  0. 9-1.0  for  values  of  L^/L-  (o\,/a  )  greater 

L  rr 


C'  Fr 


than  about  0.5.  For  L^/L^  (a  /a  )  =  0.5,  K(K')  varies  with  the  corn¬ 


er  F 


C'  F 


pression  ratio  L  /L  (o  /a_  ) ,  decreasing  with  decrease  in  compression 
L  r  o  r0 

ratio  and  becoming  approximately  0.75  for  L_/L_  (a  /o  )  *  0. 

^  *o  *0 

In  an  earlier,  preliminary  consideration  (10)  it  was  felt  that 
the  effect  of  compressive  load  on  a  reflected  the  fact  that  the  area  of 
contact  Ac  was  a  parabolic  function  of  the  compression  stress.  The 
additional  ultrasonic  measurements  made  since  that  time  indicate  that 
this  is  not  the  case,  but  rather  that  A c  is  proportional  to  the  stress. 
The  observed  variation  of  a  with  stress  may  then  be  due  to  the  stress 
concentrations  associated  with  the  presence  of  the  voids  along  the  inter¬ 
face.  Eq.  5  should  then  be  written 

°F1  Ac  .  °C  „  LC 

<I^7“r-K  (7> 

Fo  °  Fq  F0 

where  q  represents  the  average  stress  concentration  factor  or  plastic 
constraint  factor.  Rearranging  Eq.  7  gives 


9 
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I 


and  taking  —  as  a  and  substituting  Eq.  1  for  a  one  obtains 


q 


a 


o 


K 

+  B  0rQ/o 


) 


(8) 


Eq.  8  yields  for  o_/o  =  0.5SK  =  1.0,  q  =  1.32,  which  is  reasonable 

L  r  o 

considering  the  size  and  shape  of  voids  observed  along  the  interface, 
Figs.  33-40. 


Also  of  significance  in  regard  to  the  cohesion  results  is  that 
all  the  data  fell  on  one  curve  for  a  plot  of  "average"  cohesive  stress 
versus  "average"  compression  stress.  This  feature  follows  directly 
from  Eq.  7  which  gives 


(9) 


Thus,  although  the  area  of  contact  is  less  at  a  given  compression  stress 
for  a  metal  of  higher  fracture  stress,  the  strength  of  the  bond  is  also 
higher,  thereby  yielding  a  constant  cohesion  strength. 


4.1.2  Cu70Zn30  Alloy 

The  lower  cohesion  of  the  70-30  brass  specimens  as  compared  to 
the  unalloyed  FCC  metals  is  not  understood  at  this  time.  One  possibility  is 
that  during  the  joining  of  the  two  fractured  halves,  any  short  range  order 
which  existed  across  the  interface  just  prior  to  fracture  was  not  re-estab¬ 
lished,  thereby  yielding  an  appreciably  lower  surface  energy  across  the 
interface.  Another  possibility  is  suggested  by  the  observation  that  the 
pressure  in  the  vacuum  system  generally  increased  by  an  order  of  magni¬ 
tude  at  the  instant  of  initial  fracture  of  the  virgin  specimen,  suggesting 
the  release  of  zinc  vapor.  It  may  be  that  some  of  this  vapor  recondensed 
onto  the  fractured  surface,  giving  a  lower  bond  strength.  Time  did  not 
permit  further  evaluation  of  these  speculations.  Finally,  it  should  be 
noted  that  a  low  cohesion  coefficient  was  also  observed  for  60-40  brass 
by  Gilbreath  (9) :  see  Table  V. 
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4.1.3  Effect  of  Heat  Treatment 


The  reduction  in  the  cohesive  strength  which  occurred  upon  heat 
treating  the  cold  welded  copper  specimens  is  also  not  well  understood 
at  this  time.  As  indicated  earlier,  there  was  no  microscopic  evidence  of 
deterioration  along  the  boundary,  the  only  change  being  that  recrystalli¬ 
zation  had  occurred.  This  suggests  that  the  lower  cohesive  strength  after 
heat  treatment  may  be  due  to  a  lower  fracture  strength  of  the  recrystallized 
structure  some  support  for  which  is  suggested  by  the  initial  future  loads 
in  Figs.  6  and  7.  If  this  is  so,  then  the  tendency  for  the  cohesion  of 
the  cold  worked  specimens  to  exhibit  a  lower  cohesive  strength  may  be 
partly  due  to  the  recrystallization  which  occurred  during  the  joining 
operation  (Figs.  39  and  40).  Again,  time  did  not  permit  investigating 
this  question  in  more  detail. 

4.2  Effect  of  Environment 
4.2.1  Tensile  Properties 

The  equality  in  strength  values  for  all  the  metals  considered  here 
between  the  tests  in  N2  at  760  torr  and  those  in  ultrahigh  vacuum  is  not 
surprising,  since  at  room  temperature  N2  does  not  adsorb  on  any  of  these 
metals  (11)  and  hence  the  surface  condition  in  N2  environment  is  expected 
to  be  equivalent  to  that  in  the  ultrahigh  vacuum.  The  slightly  higher 
strengths  obtained  for  Cu  tested  in  CO,  C02>  02  and  air  must  then  be  due 
to  the  fact  that  these  gases  are  either  strongly  physiadsorbed  or  chemi- 
adsorbed  on  the  metal  surface  (11)  .  The  effect  of  such  adsorbed  gases 
may  be  to  either  hinder  the  egress  of  dislocations  through  the  surface 
or  inhibit  the  operation  of  dislocation  sources  at  the  surface.  Com¬ 
paring  the  mechanical  strength  values  of  Fig.  25  with  the  heats  of 
adsorption  in  Table  III,  the  effect  of  the  environment  appears  to  depend 
more  on  whether  or  not  adsorption  occurs  than  on  the  chemical  strength  of 
the  adsorption.  Worthy  of  mention  is  that  higher  strengths  have  also  been 
observed  for  A1  tested  in  ambient  air  as  compared  to  vacuum  (12,  13). 
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4.2.2  Cohesion 


From  adsorption  rate  theory  (11)  one  can  calculate  the  surface 
2 

coverage  N  (molecules/cm  )  after  exposure  to  a  gas  at  a  pressure  P 
2 

(dynes/cm  )  for  a  time  t  (seconds).  For  less  than  a  monolayer  of  adsorp¬ 
tion  one  obtains  (14) 


N  =  s  vt  [1-exp.  (~t/x)]  (10) 

1  /2 

where  s  is  the  sticking  coefficient,  v  =  (P/2  im  k  T  )  is  the  number 

& 

of  molecults  of  gas  with  mass  m  striking  the  surface  per  second  at  gas 

temperature  T  and  t  =  x  exp  (AH  /RT  )  is  the  mean  time  of  residence  of 
g  o  as 

the  gas  on  the  surface,  r  is  the  vibrational  period  of  the  surface 

°  -13 

atoms  of  the  adsorbent  and  is  usually  about  10  second  and  AH  is  the 

a 

heat  of  adsorption  of  the  gas  on  the  surface  at  temperature  Tg.  For  a 
weakly  adsorbed  gas  (low  AH  or  long  t)  Eq.  10  reduces  to 

cl 

N  =  SVT  =  3.5  x  1022  s  P  x(MT  )~1/2 
e  g 

while  for  a  strongly  adsorbed  gas  (high  AH  or  short  t) . 

Si 

N  =  SVT  =  3.5  X  1022  s  Pt  (MT  r1/2 

S 

where  now  P  is  the  pressure  in  torr  and  M  is  the  molecular  weight  of  the 
gas  (g/mole) . 

Let  us  now  consider  the  adsorption  of  oxygen.  In  theis  case  one 
expects  Eq.  12  to  apply  since  AH  (=  110  Kcal/mole)  is  quite  large.  Taking 

Si 

the  reasonable  values  s  =  0.3  (11),  T  =  150°K  (about  one-half  of  the 
specimen  temperature)  and  N  =  2  x  10^5  molecules /cin  ,  the  exposure  (Pt) 
which  gives  a  monolayer  of  oxygen  on  the  copper  is  1.8  x  10  ^  torr-second. 
This  value  compares  very  well  with  the  exposure  in  Fig.  24  where  the  cohesion 
coefficient  is  beginning  to  decrease  rapidly. 

It  is  also  of  interest  to  compare  the  present  results  with  the 
adsorption  of  oxygen  on  copper  as  determined  by  LEED  studies.  The  Leed 
results  by  Simmons  et  (15)  for  the  adsorption  of  oxygen  on  the  (110) , 

(100)  and  (111)  faces  of  copper  single  crystals  are  summarized  in  Table  VI, 


(ID 


(12) 
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Table  VI  (15) 

Summary  of  Structure*  on  Copper  Observed  by  LEED 


Surface 

Observed 

Oxygen 

Orientation 

Structures 

Exposures 

Remarks 

--  -  ■ 

-  - 

-  - 

—  - - - - 

(110) 

Onc-dimentional  struc¬ 
ture  ordered  only  in  the 
[001]  direction 
(2  x  1) 

Mixed  (2  1)  and 

c(6  2) 

3  x  10  'Torrmin 

2x10  'Torrmin 

2  x  |0  1  Torriniri 

c(6  x  2) 

6x10  'Torrmin 

500  C 

thermal  faceting 

6  x  10  lTorr 

500- 700 'C 

(100) 

"four-spot  structure" 

l  '  10  6 Torrmin 

Not  always  observed 
with  initial  oxygen  ex¬ 
posure  of  clean  surface 

p(l  x  1) 

5  x  10  -'Torrmin 

Unstable  to  mild  temper¬ 
ature  treatment;  low 
temperature  annealing 
resulted  in  the  (2x1) 

'  (2x1) 

1  x  10  ‘’Torrmin 

Two  orientations  rotated 
by  90'  are  required  to 
explain  diffraction 
pattern 

thermal  faceting 

5x10  -'Torr 

400-700 "C 

(111) 

monolayer  Oi_ 

4  x  10_5Torrmin 

Measured  diameter  of 
O-'  of  3.11  A  compares 
favorably  with  crystallo¬ 
graphic  value  of  2.80A 

coincide  lattice 

1.5  x  I0"3Torrmin 

Six  orientations  of  this 
unit  mesh  are  possible; 
only  two  were  observed 

which  was  taken  from  their  paper.  These  studies  indicate  that  for  the 

(110)  and  (100)  faces  initial  adsorption  of  oxygen  (up  to  exposures  of 

about  10  ^  torr-second)  occurs  by  random  adsorption  of  oxygen  atoms. 

Beyond  about  10  ^  torr-second  a  new  structure  starts  to  form  which  be- 

-3 

comes  fully  developed  at  about  10  torr-second.  This  new  structure  is 

a  (2  x  1)  structure  and  appears  to  consist  of  both  copper  and  oxygen 

-2 

atoms.  Further  increase  of  exposure  to  10  torr-second  merely  serves 

to  intensify  this  "reconstructed"  surface  structure.  For  the  (111) 

-2 

face,  the  initial  stage  appears  to  be  the  adsorption  of  0  ions,  which 

-2 

at  an  exposure  of  10  torr-second  form  a  coincidence  lattice  with  the 
copper  atoms  of  the  surface. 

Comparing  the  effect  of  exposure  to  0^  on  the  cohesion  of  copper 
presented  in  Fig.  24  with  the  LEED  results  and  the  above  calculation  for 
the  exposure  required  to  form  a  monolayer,  one  is  led  to  the  following 
conclusions:  The  cohesion  coefficient  decreases  slightly  by  the  adsorp¬ 

tion  of  oxygen  atoms  (or  ions)  up  to  the  formation  of  a  monolayer,  after 
which  a  much  more  rapid  decrease  occurs.  Associated  with  this  rapid 
decrease  is  the  formation  of  the  new  (2  x  1)  structure  on  the  (110)  and 
(100)  faces  and  the  coincidence  structure  on  the  (111)  face.  The 

cohesion  coefficient  reaches  its  minimum  value  once  these  structures  are 

_2 

fully  developed  (^10  torr-second) . 

Let  us  now  consider  the  adsorption  of  CO  and  CO^  on  copper.  In 
view  of  the  lower  energy  for  the  adsorption  of  these  gases,  one  expects 
that  Eq.  11  will  apply.  The  exposures  (Pt)  to  these  gases  were  obtained 
by  increasing  the  pressure,  the  time  being  constant  at  600  seconds.  The 
reduced  cohesion  resulting  from  the  exposure  to  these  gases  can  therefore 
be  considered  to  be  due  to  the  increase  in  amount  of  adsorbed  gas  with 
increased  pressure.  If  this  is  so,  one  can  then  obtain  an  estimate  of 
the  energy  of  adsorption  of  CO  and  CO^  from  the  cohesion  results  using 
Eq.  11.  Rearranging  Eq.  11  gives 


AH 

a 


RT  In 
s 


Ne  (MT  ) 

_ £_ 


1/2 


3.5  x  1022  sPr 


(13) 
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For  CO,  reasonable  values  for  s  and  t  are:  s  ■  0.3,  x  a  2  x  10 
sec.  (14).  Moreover,  it  is  assumed  that  a  monolayer  of  gas  is  absorbed 
when  the  cohesion  coefficient  has  decreased  to  the  value  0.36  obtained 
when  there  exists  a  monolayer  of  oxygen  (calculated  above).  This  value 
of  the  cohesion  coefficient  occurs  for  CO  at  a  pressure  of  1.6  x  10 
torr.  Substituting  these  values  of  s,  tq  and  P  into  Eq.  13  gives  AHa 
for  CO  on  copper  equal  to  18.5  Kcal/mole,  which  is  within  the  range  of 
measured  values  (Table  III)  .  A  similar  value  is  obtained  from  the  cohesion 
results  for  the  adsorption  energy  of  CO^  onto  copper. 
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5.  CONCLUSIONS 


The  following  conclusions  can  be  drawn  from  the  present  investi¬ 
gation: 

1.  The  technique  of  cold  welding  specimens  previously  fractured 
in  an  ultrahigh  vacuum  yields  cohesion  results  which  are  in 
good  accord  with  those  obtained  using  more  elaborate  techniques 
of  surface  preparation  and  testing,  and  hence  represents  a 
convenient  technique  for  studying  surface  phenomena. 

2.  The  cohesion  coefficient  for  "clean"  surfaces  of  all  FCC 
metals  investigated  by  all  the  various  techniques  reported 

in  the  literature  (including  the  results  presented  here  for  the 
fracture  technique)  ranges  from  0.62  to  1.15,  the  lower  values 
being  obtained  for  the  lower  stresses  and  for  specimens  in 
a  severely  cold  worked  state. 

3.  It  is  proposed  that  the  reason  for  the  essentially  constant 
cohesion  coefficient  for  the  ductile  FCC  metals  is  that  the 
area  of  contact  for  a  given  load  is  inversely  proportional  to 
the  flow  (or  fracture)  stress  of  the  material  and  the  bond 
strength  is  directly  proportional  to  this  flow  (or  fracture) 
stress . 

4.  In  the  present  investigation  using  the  fracture  technique, 
the  effect  of  compressive  load  (or  stress)  on  the  cohesion 
coefficient  for  all  the  FCC  metals  considered  could  be  nor¬ 
malized  through  the  original  fracture  strength  of  the  virgin 
specimen.  These  results  give  support  to  the  conclusion 
immediately  above. 

5.  The  effect  of  various  gases  on  the  cohesion  of  Cu  was  found 
to  be  related  to  the  degree  of  adsorption  on  the  surface. 

Weakly  physiadsorbed  N2  had  no  effect  on  the  cohesion  up  to 
pressures  of  760  torr  at  room  temperature.  Strongly  chemi- 
adsorbed  O2  significantly  reduced  the  cohesion  coefficient 
after  the  adsorption  of  a  monolayer.  Strongly  physiadsorbed 
(or  weakly  chemiadsorbed)  CO  and  CO2  significantly  reduced 
the  cohesion  coefficient  at  pressures  above  about  10"6  torr. 

6.  Comparison  of  LEED  results  for  the  adsorption  of  oxygen  onto 
the  faces  of  single  crystals  of  Cu  with  the  present  cohesion 
results  indicates  that  the  most  rapid  decrease  in  cohesion 
coefficient  coincides  with  the  formation  of  the  "reconstructed" 
(2  x  1)  structure  on  the  (110)  and  (100)  faces  and  the  coin¬ 
cidence  lattice  of  oxygen  ions  on  the  (111)  faces. 
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.  An  adsorption  energy  of  18.5  Kcal/mole  for  CO  and  CO2  on  Cu 
was  calculated  from  the  cohesion  results  using  adsorption 
theory.  This  is  within  the  range  of  experimental  values 
reported  for  the  adsorption  of  these  gases  on  Cu. 

8.  The  cohesion  coefficient  for  70-30  brass  was  only  about  one 
half  that  for  pure  copper.  A  lower  cohesion  coefficient 
resulted  following  heat  treatments  of  1  hour  at  300°C  and  1 
hour  at  600°C  of  the  cold  weld  in  tough  pitch  copper.  The 
reasons  for  these  reductions  in  cohesion  coefficient  are  not 
clear. 
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